Darnall RA, McWilliams S, Schneider RW, Tobia CM. Reversible blunting of arousal from sleep in response to intermittent hypoxia in the developing rat. J Appl Physiol 109: 1686 -1696. First published October 7, 2010 doi:10.1152/japplphysiol.00076.2010Arousal is an important survival mechanism when infants are confronted with hypoxia during sleep. Many sudden infant death syndrome (SIDS) infants are exposed to repeated episodes of hypoxia before death and have impaired arousal mechanisms. We hypothesized that repeated exposures to hypoxia would cause a progressive blunting of arousal, and that a reversal of this process would occur if the hypoxia was terminated at the time of arousal. P5 (postnatal age of 5 days), P15, and P25 rat pups were exposed to either eight trials of hypoxia (3 min 5% O 2 alternating with room air) (group A), or three hypoxia trials as in group A, followed by five trials in which hypoxia was terminated at arousal (group B). In both groups A and B, latency increased over the first four trials of hypoxia, but reversed in group B animals during trials 5-8. Progressive arousal blunting was more pronounced in the older pups. The effects of intermittent hypoxia on heart rate also depended on age. In the older pups, heart rate increased with each hypoxia exposure. In the P5 pups, however, heart rate decreased during hypoxia and did not return to baseline between exposures, resulting in a progressive fall of baseline values over successive hypoxia exposures. In the group B animals, heart rate changes during trials 1-4 also reversed during trials 5-8. We conclude that exposure to repeated episodes of hypoxia can cause progressive blunting of arousal, which is reversible by altering the exposure times to hypoxia and the period of recovery between hypoxia exposures. rodent development; heart rate responses to intermittent hypoxia AROUSAL FROM SLEEP IS A VITAL protective mechanism in infants when confronted with potentially life-threatening hypoxia during sleep, whether from airway obstruction, rebreathing, or apnea. Arousal from sleep in infants can be affected by sleep position (2, 22, 27), sleep efficiency (23), prenatal exposure to cigarette smoking (21, 28), and stage of development (30). It has long been hypothesized that impairment of arousal may contribute to the cause of the sudden infant death syndrome (SIDS) (24, 31, 34). We and others have hypothesized that, in SIDS infants, death results from a combination of impaired arousal mechanisms and extrinsic stressors that occur during a critical stage of development and typically during sleep (38). The incidence of SIDS is highest between 2-4 mo, suggesting a "critical period" of development, and is four to five times greater in male infants. In the analysis of defective arousal mechanisms in SIDS, it is important to consider that many SIDS infants have repeated episodes of apnea and hypoxia in the days and weeks before death (37, 45) . We propose that repeated exposure to hypoxia leads to progressive blunting of arousals that might contribute to sudden death.
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The phenomenon of progressive blunting of arousal with repeated exposure to hypoxia has been referred to as "habituation" by some investigators and refers to the waning over time of a physiological response to repetitive stimuli. Habituation of the arousal response has been described in infants after a tactile stimulus (44) and a movement decline in response to repeated auditory stimuli has been described in 2-to 3-day-old newborn infants (39) . However, habituation of arousal from sleep to a dangerous stimulus such as severe intermittent hypoxia seems like a poor strategy and could contribute to the cause of death in SIDS. Nevertheless, a progressive lengthening of arousal latency (the time from the onset of hypoxia to the onset of arousal) to brief exposures to intermittent hypoxia has been demonstrated in newborn and infant mice (12, 18) , lambs (19, 32, 33) , and piglets (56) .
The aim of this study was to characterize the progressive blunting of arousal in rat pups in response to repeated exposures to brief periods of hypoxia with respect to age and sex and to determine whether this phenomenon could be reversed by terminating the hypoxia stimulus immediately on arousal. We hypothesized that the time to arousal would progressively increase with each successive hypoxia exposure; similarly, we hypothesized that chamber oxygen concentration (chamber [O 2 ]) and oxyhemoglobin saturation (HbO 2 SAT), measured at the time of arousal, would progressively fall with each successive exposure to hypoxia. We also hypothesized that terminating the hypoxia exposure on arousal (the equivalent of moving out of a dangerous situation) would result in a reversal of this process so that arousal latencies, and values for chamber [O 2 ], HbO 2 SAT, and heart rate (HR), measured at the time of arousal, would return to values close to those observed during the initial hypoxic episode.
We further hypothesized that this phenomenon would be more pronounced in P15 (postnatal age of 15 days) animals compared with P5 or P25 animals. The selection of ages was based on studies of the rate of growth of the brain (16) , the maturation of various brain stem neurotransmitter systems (6, 42, 57) , sleep and arousal (7, 12, 18, 36, 43, 53) , the autonomic control of HR (25) , and thermoregulation (1, 10, 41, 47) . These comparisons support the idea that the period from P1 to P8 -10 is roughly equivalent to the third trimester of pregnancy (or premature infants) in the human, the period from P10 to P20 is roughly equivalent to infancy, also corresponding to the highest incidence of SIDS, and the period from P20 to P30 is roughly comparable to adolescence. Thus we chose P15 as a representative of early infancy in the human, the time of the highest incidence of SIDS.
EXPERIMENTAL PROCEDURES
Subjects. All of the animals were managed in the Dartmouth College Animal Resource Center with standard light-dark cycles (7 AM/7 PM). The study protocols were approved by the Dartmouth College Institutional Animal Care and Use Committee. Approximately equal numbers of male and female rat pups were studied at three postnatal ages: P5 (P4 -P6), P15 (P13-P17), and P25 (P23-P27) (see Table 1 ). A total of 168 male and female pups from 20 litters were studied.
Instrumentation. Before each experiment, the pup was fitted with a flexible, custom-designed vest that held ECG surface electrodes to the ventral surface of the upper torso; a small thermocouple (Omega) was inserted into the rectum/lower colon, and a pulse oximeter (MouseOx, Starr) sensor was taped on the tail. The pup was then placed into a closed, doublewalled, temperature-controlled, cylindrical chamber provided with a continuous supply of breathing gas, either room air or, during hypoxia exposures, 5% oxygen/95% nitrogen. Highpressure gas supplies were connected to a computer-controlled solenoid valve to allow quick transitions from room air to hypoxia. To avoid sharp pressure transients in the chamber, resulting from changing high pressure gas sources, gas from the solenoid valve was directed to a soft anesthesia bag with a sizable leak. Gas was then pulled from the anesthesia bag through the chamber at a fixed flow using a mass flowmeter controller (Sable Systems) and a diaphragm pump at 1,000 ml/min. Gas was sampled at the pump exit at atmospheric pressure and directed through oxygen (Applied Electrochemistry) and CO 2 (CWI) analyzers. To ensure that the rate of decrease of chamber [O 2 ] was the same for all ages, fillers were added to the chamber to adjust the "nonoccupied" volume, and the flow from the high-pressure gas supplies to the anesthesia bag was adjusted. The wall temperature (YSI, Omega) was adjusted to approximate thermoneutrality (ϳ30°C). Leads for the ECG, thermocouples, and thermistors were directed from the chamber through holes in a rubber stopper sealed with silicone. The floor of the chamber was fitted with a sheet of piezoelectric material to detect body movements, and, in some experiments, the pups were continuously videotaped.
Measurements. Body temperature (T body ), HbO 2 SAT, and ECG were continuously recorded in most animals. We also continuously measured chamber air and inner wall temperature, gas flow through the chamber, and chamber [O 2 ] and CO 2 concentrations. Instantaneous HR was derived from either the ECG or the pulse oximeter waveform. In some animals, respiratory rate (RR) up to the time of arousal was derived from either the pulse oximeter or movement detector. Signals from sensors and analyzers were amplified, filtered, and digitized using a commercially available data acquisition system (ADInstruments).
In a separate experiment in six P15-P17 lightly anesthetized rat pups, we simultaneously measured HbO 2 SAT with a pulse oximeter (MouseOx, Starr) and in arterial blood with a COoximeter (Bayer rapidlab 845). Carotid catheters for COoximeter measurements were surgically placed under ketamine (100 mg/kg) and xylazine (15 mg/kg) anesthesia. The pup was then placed in a warmed chamber with a continuous flow of breathing gas using an isoflurane vaporizer to provide a low level of anesthesia. Two to three samples were drawn from each animal (total of 17 samples) at different chamber [O 2 ] values, while HbO 2 SAT was continuously measured with pulse oximetry. There was a linear relationship between arterial and peripherally measured HbO 2 SAT (Fig. 1) , similar to what has been described in adult rats (14) .
Study protocol. All studies were performed during the light cycle (7 AM/7 PM), with no preference for morning or afternoon. After acclimatization to the chamber and after achieving a state of quiet immobility (behavioral sleep) for at least 10 s, the pups were exposed to eight periods of 5% oxygen (maxi- Values are means Ϯ SE. Baseline values are given for group A and group B pups (N) by age. HR, heart rate; HbO2 SAT, oxyhemoglobin saturation by pulse oximetry; chamber [O2], oxygen concentration in the study chamber; P5, P15, and P25: postnatal age of 5, 15, and 25 days, respectively. There were no differences between groups for any variable. There was an effect of age on weight and HR. Both weight and HR increased with age. (HbO2 SAT) by pulse oximeter (Mouse Ox) and standard CO-oximetry in 6 animals (17 measurements) breathing 5-21% oxygen. Each data point represents a single measurement. 99% confidence intervals are indicated by short dashed lines, and 99% predictive intervals are indicated by long dashed lines. Note that HbO2 SAT measurements estimated with the pulse oximeter are slightly higher than those estimated with the CO-oximeter, especially at lower saturations. mum time for each exposure was 3 min), the onset of which was spaced ϳ9 min apart. Each exposure was initiated only after the pup was in a state of quiet immobility, consistent with behavioral sleep without any evidence of myoclonic twitching. Two groups of animals of both sexes and at three ages were studied. Pups in group A (habituation protocol) were exposed to eight periods of hypoxia, each lasting 3 min, followed by 5 min of room air breathing and any extra time required for the animal to achieve quiet immobility (recovery time ϳ6 min). Pups in group B (reversal protocol) were exposed to three 3-min periods of hypoxia/6-min recovery as in group A, but exposures 4 -8 were conducted so that hypoxia was terminated immediately upon arousal. The hypoxia exposure was repeated after a total of ϳ9 min had elapsed, similar to group A. Figure 2 illustrates the two protocols. In a subset of 25 group A P5 and 21 group A P15 pups, room air control (RAC) studies were done in which the only difference in procedure was substituting a tank of room air for the tank of 5% O 2 /95% N 2 used for the hypoxia experiments. In addition, in another separate group of seven P25 animals, arousal latency was determined on 128 occasions during a 3-min period after achieving quiet immobility.
During each exposure to hypoxia, time to wakefulness (W) from the transition from room air to hypoxia (latency) was determined visually and with the movement detector. A stereotypical sequence of behavioral events has been described for arousals in infants of several species, including mice (12), humans (43) , and piglets (9, 17) , which is easily identifiable. In the rat pup, arousal begins with forelimb withdrawal, followed by neck extension, and finally head lifting, and, in the older animals, eye opening. Although ultrasonic vocalizations have been described in young rodents in response to hypoxia, these do not occur when hypoxia is introduced during thermoneutrality (8) . Since all of our studies were performed in a thermoneutral environment, we elected to rely solely on stereotypical movements to identify arousal to wakefulness. We also used behavioral criteria to define W and sleep. Recent observations suggest that EEG is unreliable in defining sleep states in young rodents younger than P12. However, behavioral muscle twitching has been correlated with aspects of active sleep (AS), particularly hypotonia (52) . We, therefore, elected to use a state of quiet immobility as an indicator of quiet sleep (QS), muscle twitching on a background of quiet immobility as an indicator for AS, and gross body movements and eye opening (in the older infants) as an indicator for W.
Data analysis. Continuous measurements of all variables were made during a control period preceding and during each hypoxia exposure until the time to arousal. The time to arousal (latency) from the onset of the decrease in chamber [O 2 ] was determined as well as the chamber [O 2 ], HbO 2 SAT, HR, and T body at the time of arousal. ANOVAs for repeated measures or a mixed model was used for analysis with successive trials of hypoxia as the repeated factor, and age, sex, and group as nonrepeated factors. In addition, groups A and B were compared to determine whether there were any differences in the results for trials [5] [6] [7] [8] .
RESULTS
The demographic data for age, weight, and sex distribution, and baseline values for HR, chamber [O 2 ], and HbO 2 SAT for groups A (habituation protocol) and B (reversal protocol) are shown in Table 1 . At any given age, there were no significant differences between the groups for any variable. The numbers of males and females were roughly equally distributed among groups and ages. Baseline HR (bHR) measured before the first trial of hypoxia was lower at P5 compared with P15 or P25 (P Ͻ 0.001 for both groups); baseline chamber [O 2 ] was lowest at P25 Ͻ P15 (P Ͻ 0.001) Ͻ P5 (P ϭ 0.031); baseline HbO 2 SAT was lower in P25 compared with either P5 (P ϭ 0.003) or P15 (P ϭ 0.031) pups. All values throughout the paper are expressed as means Ϯ SE, unless otherwise stated. Figure 3 shows a typical experiment in a P15 pup and illustrates the typical changes for chamber [O 2 ], HbO 2 SAT, HR, RR, and activity. After the onset of hypoxia, there is a steady decrease in chamber [O 2 ] and pup HbO 2 SAT. Note that there is an increase in HR that precedes arousal and that RR progressively increases in response to hypoxia.
Although all animals were in a state of quiet immobility at the onset of hypoxia, many exhibited myoclonic twitching before arousal, indicating a transition into putative AS. In both groups A and B, and in the RAC pups, P5 animals transitioned from QS to AS before arousal in a majority of the trials (93.5, 93.3, and 97.5% for groups A and B and RAC, respectively). P15 pups transitioned from QS to AS in 40, 30.9, and 7.4% of the trials for groups A and B and RAC, respectively. In contrast to the younger pups, P25 animals rarely transitioned to AS (0 and 0.5% for group A and B pups, respectively). In protocol A, 8 successive trials (T1-T8) of 3 min of 5% oxygen alternated with ϳ6 min of room air. For each trial, the onset of hypoxia was initiated during a quiet, immobile state [putative quiet sleep (QS)] and maintained for 3 min (solid rectangles). A room-air recovery period for at least 5 min was then instituted, and the next trial began once the pup reached a quiet immobile state. This resulted in a total recovery time of ϳ6 min and a total cycle time of ϳ9 min. In protocol B, the first 3 trials were identical to those in protocol A. Starting with trial 4, the 5% oxygen was changed to room air immediately on arousal. The next episode of hypoxia was initiated after the total cycle time had achieved 9 min. In protocol A, the white lines and letter "A" indicate the time of arousal (exaggerated slightly for illustrative purposes). Note the gradually lengthening of the time to arousal across the trials. Note also that hypoxia was maintained for the full 3 min, regardless of when arousal occurred. Starting with trial 4 in protocol B, note that room air was substituted at the time of arousal so that the length of arousal is indicated by the width of the black box. Note the lengthening of arousal over the first 4 trials, followed by a progressive shortening over the course of trials 5-8. 2 SAT, HR, and T body before arousal. In both group A and B animals, chamber [O 2 ] progressively decreased during each hypoxia trial (P Ͻ 0.001) and returned to baseline between trials, whereas the chamber [O 2 ] in the RACs remained constant (Fig. 4) . The profile of the decrease was not affected by age or trial number. Similarly, HbO 2 SAT progressively decreased during each hypoxia trial (P Ͻ 0.001) and returned to baseline between trials, whereas the HbO 2 SAT in the RACs remained constant, and the rate of decrease increased with age ( Fig. 5) .
Effects of acute hypoxia on chamber [O 2 ], HbO
With repeated exposure to hypoxia, the changes in HR were complex. During each trial in P15 and P25 group A and B pups, HR increased (P Ͻ 0.001 for both ages) during the first 35 s after the onset of hypoxia, and the increase was not influenced by trial number or group. In the youngest (P5) pups in group A, however, HR remained constant or decreased over the first 35 s of hypoxia, continued to decrease after arousal, and did not return to baseline between exposures. This resulted in a lower baseline (prehypoxia) HR (bHR) with each successive trial (see Fig. 10 ). In the group B experiments, starting with trial 4, hypoxia was terminated immediately on arousal, resulting in a shorter period of hypoxia and a longer recovery time. In this group, in P15 and P25 pups, HR increased over the first 35 s of hypoxia during all eight exposures, similar to the changes in group A pups. In the P5 pups, however, prehypoxia bHR decreased with each successive trial for the first four trials, but then in trial 5 returned to the original baseline value observed before trial 1 and continued to return to baseline during subsequent trials 6 -8. The changes in bHR and the change in HR associated with each hypoxia trial are shown in Figs. 10 and 11.
Core T body measurements were available consistently only in P5 and P15 pups from group A and in P15 pups in group B. T body was also measured in a separate group of 12 P25 animals using the same protocol, but with only four trials of hypoxia. T body values, averaged across all trials, measured just before the onset of hypoxia and after 35 s of hypoxia, are listed in Table 2 . In group A P5 and P15 pups, there was no significant change in T body over the first 35 s of hypoxia during any trial. Similarly, in the separate group of 12 P25 animals, there was also no change in temperature over the first 35 s of hypoxia during any of the four trials. In group B pups, the duration of hypoxia was less during hypoxia trials 4 -8, since hypoxia was terminated immediately on arousal. Nevertheless, in the P15 pups, where measurements were available, there were no changes in T body during the first 35 s of hypoxia during either ) and HbO2 SAT (HbO2) fall steadily until arousal. Heart rate (HR) and respiratory rate (RR) increase in response to hypoxia before arousal. We were unable to consistently measure RR after arousal because of movement artifact. An increase in HR before arousal was consistently observed in P15 and P25 pups, but, in P5 pups, HR remained constant or decreased before arousal. Activity, movement as derived from the piezo-electric movement detector; bpm, beats/min and breaths/min for heart rate and respiratory rate, respectively. Since there was no effect of trial, data were averaged across all 8 trials and are represented as means Ϯ SE. Note that the fall is more rapid in the older animals (P25 Ͼ P15 Ͼ P5). trials 1-4 or 5-8. Similar results were obtained from P5 and P15 RAC pups, where room air was substituted for 5% oxygen; there were no changes in T body during the first 35 s of exposure.
Time to arousal from the onset of hypoxia (latency). In group A pups, the time to arousal from the onset of hypoxia (latency) progressively increased over the eight trials of hypoxia (P Ͻ 0.001) (see Fig. 6 ). There was main effect of age (P Ͻ 0.001), with arousal occurring earlier in P5 pups compared with either P15 or P25 animals (P Ͻ 0.001 for both) and earlier in P15 than P25 animals (P ϭ 0.011). Moreover, the progressive increase in latency over the eight trials of hypoxia was also dependent on age (P ϭ 0.045) and was less in P5 pups than in P15 (P Ͻ 0.001) or P25 pups (P ϭ 0.029); there were no differences between P15 and P25 pups. In addition, there was no effect of sex or litter on the overall latency or the progressive increase in latency at any age. Control experiments were also performed in P5 and P15 pups in which a tank of room air was substituted for the tank of 5% O 2 /95% N 2 used for the hypoxia exposures. In these RAC pups, although the latency did not change over the course of eight trials of hypoxia, there was a main effect of age; overall latency was shorter in the P5 pups (P Ͻ 0.001, 37.3 Ϯ 4.5 and 102.0 Ϯ 4.1 s in the P5 and P15 pups, respectively). When the RAC and group A pups were compared, the time to arousal was significantly shorter in both the P5 (P ϭ 0.009) and P15 (P Ͻ 0.001) hypoxia-exposed animals with the greatest difference in the P15 pups (59.1 Ϯ 2.9 and 9.3 Ϯ 3.0 s for the P15 and P5 pups, respectively). In a separate group of seven P25 animals, arousal latencies were calculated on 128 occasions after the animal had achieved a state of quiet immobility. The latency to spontaneous full arousal (state change to W) was 84.6 Ϯ 4.3 s, similar to that of the P15 animals. In some P25 animals, latencies were as long as 300 s.
In group B animals, we did separate analyses for trials 1-4 and 5-8. In the group B pups across trials 1-4, there was a main effect of age (P Ͻ 0.001); the time to arousal in P5 pups was significantly shorter than in P15 (P ϭ 0.003) and P25 (P Ͻ 0.001) animals, with no statistical difference between P15 and P25 animals (P ϭ 0.095) and no effect of sex. Latency increased across the first four trials of hypoxia (P Ͻ 0.001), and the progressive increase was also least in the P5 pups. Similar to group A, there was no influence of sex on the increase in latency across trials 1-4 in group B animals. When groups A and B were compared over the first four trials of hypoxia, there was no main effect of group (A or B) on arousal latency, but there was an interaction between group and age (P ϭ 0.019). Latencies were slightly shorter in group A compared with group B animals at P5 (P ϭ 0.01) and P25 (P ϭ 0.031), but not at P15. There was, however, no interaction between group and the progressive increase in latency across trials.
During the last four trials of hypoxia (trials 5-8), where hypoxia was terminated immediately on arousal, there was a dramatic "reversal" of the progressive increase in latency (P Ͻ 0.001). By trial 8, the latencies approached those observed in trial 1, especially in the P5 animals. There was a main effect of age, but not sex: latencies were shorter in P5 compared with P15 (P Ͻ 0.001) and P25 (P Ͻ 0.001) animals and were shorter in P15 compared with P25 animals (P ϭ 0.001). Moreover, the rate of reversal (decrease in latency across trials) was not influenced by age or sex. Compared with group A animals over trials 5-8, overall latencies were shorter in group B animals at all ages (P Ͻ 0.001) with no interaction with sex. Moreover, the progressive changes in latency were positive in group A and negative in group B animals with no significant interaction with age or sex (P Ͻ 0.001). Figure 6 illustrates the arousal latencies over eight trials of hypoxia for groups A and B.
Chamber [O 2 ] measured at the time of arousal. In group A animals, the chamber [O 2 ] measured at the time of arousal mirrored the changes in arousal latency and progressively decreased over the eight trials of hypoxia (P Ͻ 0.001) (see Fig. 7 ). There was a main effect of age; chamber [O 2 ] was lower at the time of arousal in the P15 (P Ͻ 0.001) and P25 (P Ͻ 0.001) animals compared with the P5 pups. Chamber [O 2 ] at the time of arousal was also slightly lower in the female pups (7.9 Ϯ 0.1 vs. 8.4 Ϯ 0.1, P Ͻ 0.001). However, there was no effect of either age or sex on the progressive decrease in chamber [O 2 ] measured at the time of arousal across the eight hypoxia trials. In the RAC animals at P5 and P15, there was no effect of age or sex on chamber [O 2 ] at the time of arousal, which remained constant over the course of the eight trials. As expected, chamber [O 2 ] at the time of spontaneous arousal in room air ϩ Significant differences, taking multiple measurements into account, between P5 and P15 pups. # Significant differences between P5 and P25 animals. There were no significant differences in the latencies between P15 and P25 animals. (RAC pups) was significantly greater than chamber [O 2 ] at the time of arousal in the pups exposed to hypoxia (P Ͻ 0.001).
In the group B pups, over the first four trials of hypoxia, there was a main effect of age on chamber [O 2 ], measured at the time of arousal (P Ͻ 0.001); chamber [O 2 ] was lower in the P15 (P Ͻ 0.001) and P25 (P Ͻ 0.001) animals compared with the P5 pups, with no difference between the P15 and P25 animals. There was also a significant progressive decrease in chamber [O 2 ] at the time of arousal over the course of the first four trials of hypoxia (P Ͻ 0.001), which was not influenced by age or sex. Compared with group A animals, there was no effect of group on chamber [ Fig. 8 ).
There was a main effect of age, but no effect of sex; HbO 2 SAT at arousal was lower in the P15 (P Ͻ 0.001) and P25 (P Ͻ 0.001) animals compared with the P5 pups, with no difference between the P15 and P25 animals. Over the eight trials of hypoxia, the progressive decrease in HbO 2 SAT at arousal was also less in the P5 pups compared with P15 (P Ͻ 0.008) or P25 (P ϭ 0.028) animals, with no difference between P15 and P25 animals, and no interaction with sex. In the RAC animals, the HbO 2 SATs at the time of arousal (in room air) remained constant, with no effect of age or sex, and were significantly different from the mean HbO 2 SATs at the time of arousal in response to hypoxia in both P5 and P15 pups (P Ͻ 0.001).
In group B, the distribution of males and females in experiments where data were available was not equally distributed across ages. Males and females were equally distributed for P5 and P15 animals, but we had data on only one of nine P25 females, and, therefore, evaluated the effect of sex only in P5 and P15 pups. There was a main effect of age on HbO 2 SAT at arousal across trials 1-4 (P Ͻ 0.001), with lower values in P15 (P ϭ 0.002) and P25 (P Ͻ 0.001) animals compared with P5 pups, and no difference between P15 and P25 animals. There was no effect of sex in the P5 and P15 pups. Moreover, there was no effect of age or sex on the progressive decrease in HbO 2 SAT at arousal across trials 1-4. Compared with HbO 2 SAT at arousal across trials 1-4 in the group A animals, there was no effect of group on the overall or progressive decrease in HbO 2 SAT and no interactions with age or sex.
Over trials 5-8, HbO 2 SAT measured at the time of arousal progressively increased (P Ͻ 0.001). There was a main effect of age with the highest overall HbO 2 SAT in P5 pups compared with P15 or P25 animals (P Ͻ 0.001 for both), with no difference between P15 and P25 animals and no effect of sex. The progressive increase in HbO 2 SAT, across trials 5-8, was not affected by age or sex. Compared with the HbO 2 SAT across trials 5-8 in the group A animals, there was a main effect of group; the HbO 2 SATs at arousal were significantly Fig.  7 , the decreases in HbO2 SAT mirror the increases in latency, with the slowest fall in P5 animals. In group B pups, there was an abrupt reversal of the fall in HbO2 SAT, particularly evident in P5 pups, after hypoxia was terminated immediately on arousal, starting in trial 4. All values are means Ϯ SE. ϩ Significant differences between P5 and P15 pups. # Significant differences between P5 and P25 animals. There were no differences in the HbO2 SAT between P15 and P25 animals during any trial. Fig. 6 . As expected, chamber [O2] measured at the time of arousal is significantly lower in the hypoxia experiment than in the RAC experiments. In group B pups, there was an abrupt reversal of the fall in chamber [O2], especially in P5 pups, after terminating hypoxia immediately on arousal, starting in trial 4. All values are means Ϯ SE. ϩ Significant differences between P5 and P15 pups. # Significant differences between P5 and P25 animals. There were no differences in the chamber [O2] between P15 and P25 animals during any trial.
higher in the group B animals (P ϭ 0.018), with no interaction with age or sex. There was also a main effect of group on the progressive change of HbO 2 SAT at arousal across trials 5-8, with an increase in the group B animals compared with a continuing decrease in group A animals, with no interaction with age or sex. Figure 8 shows the changes in HbO 2 SAT for groups A and B and RAC at all three ages. There was also a strong linear relationship between HbO 2 SAT at the time of arousal and arousal latency in both groups A and B (R 2 ϭ 0.531, P Ͻ 0.001; and R 2 ϭ 0.672, P Ͻ 0.001 for groups A and B, respectively). These relationships are shown in Fig. 9 .
HR at the time of arousal. HR measured at the time of arousal progressively changed over the course of repeated trials of hypoxia. In addition, in the youngest (P5) pups, HR did not return to baseline after hypoxia exposures. We, therefore, describe 1) the progressive changes in bHR before successive hypoxia exposures, and 2) the absolute changes in HR (dHR) from baseline to the time of arousal over the course of the hypoxia trials.
bHR. In group A pups, there was a main effect of age on bHR across the eight trials of hypoxia. bHR was lower in P5 pups compared with P15 (P Ͻ 0.001) or P25 (P Ͻ 0.001) animals, and bHR in P15 pups was lower than in P25 animals (P Ͻ 0.001). bHR was also slightly lower in males (P ϭ 0.014), but only at P5. There was an interaction between age and the progressive change in bHR over eight trials (P Ͻ 0.001), such that bHR between trials of hypoxia remained relatively constant in P25 animals, decreased between trials 1 and 2 and then remained constant in P15 pups, and steadily decreased in P5 pups (Fig. 10) . When the progressive changes in bHR in group A pups at P5 and P15 were compared with those in RAC pups, there was a main effect of group (P Ͻ 0.001) and a significant interaction between group and age (P Ͻ 0.001). In P15 pups, bHR decreased, and the decrease was not different from the decrease in group A P15 pups. In P5 pups, however, bHR over trials 1-8 in group A pups was significantly lower than bHR in RAC pups (P Ͻ 0.001).
In group B pups, similar to group A animals, there was a main effect of age on bHR across the first four trials of hypoxia. bHR was lower in P5 pups than in P15 (P Ͻ 0.001) or P25 (P Ͻ 0.001) animals and lower in P15 than in P25 animals (P ϭ 0.036). Also similar to group A animals, there was an interaction between age and the progressive change in bHR over the first four trials of hypoxia. bHR before trial 1 was significantly different from the baseline before trials 2, 3, and 4 in P15 pups and before trials 3 and 4 in P5 pups, whereas there was no difference between bHR before trial 1 and subsequent trials in P25 animals. Although the mean bHR averaged over trials 1-4 in P5 group B pups was slightly lower than the mean bHR averaged over the same period in P5 group A pups (348 Ϯ 3 vs. 363 Ϯ 3 beats/min for group A and group B pups, P Ͻ 0.001), there were no differences in the mean bHR between groups A and B in the P15 or P25 animals. Moreover, there was no effect of group on the change in bHR over the first four trials of hypoxia at any age. Also, similar to group A, there was no effect of sex on either the mean bHR or the change in bHR across trials 1-4 in group B animals.
In group B, during trials 5-8, bHR increased significantly in P5 pups (P ϭ 0.003), but remained relatively constant in P15 and P25 animals. bHR averaged over trials 5-8 was lower in P5 pups than in P15 (P Ͻ 0.001) or P25 (P Ͻ 0.001) pups, with no differences between P15 and P25 animals. When group A and B animals were compared during trials 5-8, the change in bHR across trials in P5 group B pups was positive compared with a negative change in P5 pups in group A (P Ͻ 0.001). However, there were no differences in the change across trials between group A and B pups at P15 or P25. As in trials 1-4, there was no effect of sex on either the mean or change in bHR across trials 5-8. The changes in bHR in groups A and B are shown in Fig. 10 .
dHR. In group A pups, HR increased from baseline during each episode of hypoxia in P15 and P25 animals (P Ͻ 0.001 for both), but changed little in P5 pups. The change in HR averaged over the eight trials of hypoxia in P5 pups was lower than in P15 or P25 animals (P Ͻ 0.001 for both), with no difference between P15 and P25 animals. Moreover, dHR progressively increased over the course of the eight trials of hypoxia in P15 (P Ͻ 0.001) and P25 (P ϭ 0.003) animals, but ϩ Significant differences between P5 and P15 pups. # Significant differences between P5 and P25 animals. remained constant in P5 pups. There was no effect of sex on either mean dHR or the change in dHR over trials 1-8. In group B pups, over the first four trials of hypoxia, the mean dHR was similar to mean dHR in trials 1-4 in group A animals. HR increased significantly in P15 (P ϭ 0.002) and P25 (P Ͻ 0.001) animals, but not in P5 pups. Also similar to group A animals, dHR progressively increased over the course of trials 1-4 in P15 (P ϭ 0.003) and P25 (P Ͻ 0.001) animals, but not in P5 pups. During trials 5-8, mean dHR in P15 and P25 animals in group B decreased but did not reach trial 1 values. When the changes in dHR over the course of trials [5] [6] [7] [8] in group A and B animals were compared, there was a significant difference in the direction of change (positive vs. negative) in P25 animals (P Ͻ 0.001), but the difference did not reach significance for the P15 animals. In P5 animals, there was no appreciable difference in direction of change during trials 5-8. The changes in dHR for group A and group B are shown in Fig. 11 .
DISCUSSION AND CONCLUSIONS
The major finding of this study is that, in the newborn and infant rat pup, repeated exposure to brief periods of hypoxia leads to a progressive increase in the time to arousal (arousal latency). The mean time to arousal, averaged over the trials of hypoxia, increased with age and was shortest in P5 pups and longest in P25 animals. The progressive increase in arousal latency over several trials of hypoxia was also less in P5 pups than in P15 or P15 animals. Progressive increases in latency were mirrored by progressive decreases in chamber [O 2 ] and HbO 2 SAT. In our experiments carried out at near thermoneutrality, there were no significant changes in T body over the first 35 s of hypoxia. HR changes during hypoxia were complex and varied by age. HR increased during hypoxia before arousal in P15 and P25 animals. There was also a progressive increase in the absolute increase in HR from baseline to the time of arousal. This was, however, most likely related to progressive increase in time to arousal. There was no augmentation of the increase in HR before arousal with successive trials of hypoxia when measured over a fixed time period. There was little change or a decrease in HR during hypoxia in P5 animals, and HR did not return to baseline between hypoxia exposures in these youngest pups. These data are consistent with those of Hofer and Reiser (25) , who observed that the HR of very young rats studied in the nest decreases rather than increases in response to stress. There was also a strong relationship of arousal latency to both chamber [O 2 ] and HbO 2 SAT, measured at the time of arousal. Although the relationship to chamber [O 2 ] can most likely be attributed to an effect of time, the relationship to HbO 2 SAT could represent a change in arousal threshold with repeated exposure to hypoxia. HbO 2 SAT decreased more rapidly in the older animals. Since the fall in chamber [O 2 ] was not different among the three ages, a number of factors may have contributed to this phenomenon. Although newborn rats do not have fetal hemoglobin, the hemoglobin oxygen affinity is greater in the newborn and reaches adult values by ϳ23 days of age (15) . Thus for any arterial PO 2 , HbO 2 SAT would be expected to be greater in the younger animals. Other possibilities include a greater ventilatory response to hypoxia in the older animals, and relatively more hypoxic inhibition of metabolism in the younger animals.
We also found that progressive blunting of arousal observed over four trials of hypoxia could be reversed by terminating the hypoxia exposure immediately on arousal. This resulted in a progressive decrease in the latency over the remaining trials (5) (6) (7) (8) that approached values observed during the initial hypoxia exposure. This reversal process was also dependent on age, with latency reaching initial values more quickly in the P5 animals compared with the older pups. There was also a reversal of the failure of HR to return to baseline in the youngest animals. The progressive increase in the dHR with successive hypoxia exposure also reversed in proportion to the progressive shortening of the times to arousal. There were also no major effects of sex on any of the measures that we studied.
Our findings of progressive blunting of arousal during repeated hypoxia exposure are generally similar to those reported in very young mice (ϽP2) (18) and lambs (19) in response to repeated episodes of hypoxia, and in piglets (56) in response to repeated episodes of hypercapnic hypoxia. In human infants, this phenomenon has also been demonstrated after exposure to repeated tactile (44) and auditory (39) stimulation. However, progressive blunting of arousal could not be demonstrated in the one study in which human infants were exposed to repeated exposure to 15% oxygen (50) . Progressive blunting of arousal in response to repeated application of different types of stimuli suggest that there are some common components of the neural pathways responsible for arousal (51) , but the location of these elements are unknown.
Although progressive blunting of arousal in response to intermittent hypoxia has been demonstrated in other species, our results provide new information about the development of the response in the rat from P5 to P25, the equivalent of a human premature infant to late infancy. In addition, to the best of our knowledge, this is the first demonstration in developing rodents of the relationship of HbO 2 SAT to the timing of arousal to hypoxia. We also provide new detailed descriptions of the development of the changes in HR that accompany exposure to intermittent hypoxia. Perhaps most importantly, In group A animals, note a progressive increase in dHR with each successive hypoxia exposure in P15 and P25 animals, and no increase in dHR during any trial or across trials in P5 pups. In group B animals, there is a similar progressive increase in dHR with each successive hypoxia exposure over the first 4 trials, followed by a progressive decrease approaching trial 1 values by trial 8. Note that dHR in the P15 group A pups was significantly greater than in the P15 RAC pups, but there were no differences in dHR between the group A and RAC P5 pups. All values are means Ϯ SE.
ϩ Significant differences between P5 and P15 pups. # Significant differences between P5 and P25 animals.
these results show that the progressive blunting of arousal can be reversed by altering the timing of the period of hypoxia and recovery, which may provide clues to the mechanisms responsible for this phenomenon. We failed, however, to support our hypotheses that arousal habituation would be more prominent during the equivalent of early infancy (P15) and in males.
Ventilatory and arousal responses to hypoxia. Young mammals typically exhibit a "biphasic" ventilatory response to hypoxia in which there is an initial increase followed by a secondary decline in ventilation. In experiments in infant mice where RR and tidal volume were measured, arousal to acute hypoxia always occurred during the period of hypoxic ventilatory decline, suggesting that increased mechanosensory stimulation from an increase in respiratory effort was not the source of the arousal (18) . In these same studies done at different ages, arousal latencies were shorter after carotid body resetting (Ͼ12 h), suggesting an important contribution of the carotid body to the arousal process (18) . Experiments in lambs showing a prolongation of arousal latency after carotid body denervation also support these findings (19) . Our observation that arousal latencies in response to hypoxia were always shorter than those for spontaneous arousals is also consistent with findings in human infants (29) . Moreover, our finding of a decrease in arousability with increasing postnatal age is also consistent with findings during QS in human infants (29) . We used 5% oxygen in these experiments largely based on previous experiments in newborn mice (12) . We have subsequently observed, however, that robust progressive blunting of arousal also occurs during repeated exposure to 10% oxygen (R. A. Darnall, unpublished observations).
Is progressive blunting of arousal in response to intermittent hypoxia an example of habituation? A progressive blunting of arousal in response to acute intermittent hypoxia (AIH) could be an example of short-term habituation. Habituation and sensitization are almost universal forms of plasticity and represent the simplest forms of nonassociative learning. In simple organisms such as aplysia, short-term habituation of gill withdrawal in response to a mild tactile stimulation of the siphon is associated with synaptic processes, which reduce the amplitude of excitatory postsynaptic potentials (EPSPs) (short-term depression) on motoneurons responsible for gill withdrawal (46, 49) . Short-term habituation can be produced by activity in neurons containing FMRFamide immunoreactivity, or with a single application of the peptide FMRFamide (46) . In contrast, short-term sensitization refers to a progressive increase in the response to a repetitive, usually stronger or noxious, stimulus, which is associated with an increase in the amplitude of EPSPs on motoneurons (short-term facilitation), which can be produced by the activity of serotonergic (5-HT) neurons or by the application of serotonin. Long-term habituation and sensitization refer to a more longstanding decrease or increase in the strength of the response, resulting from more long-term presentation of stimuli, and are related to long-term depression or facilitation of motoneuron EPSPs and are dependent on protein synthesis (35, 46) . Similar phenomena have been described in more complex species. For example, the acoustic startle response in rats has long been considered an example of both short-and long-term habituation (13) . Unlike the response to a repeated acoustic response, exposure to AIH, the stimulus used in the present study, has usually been reported to result in sensitization or facilitation of a behavioral outcome, most often ventilation or phrenic nerve output, sympathetic nerve activity (58) , or blood pressure (20) . Long-term increases in both baseline ventilation (4) and sympathetic discharge (58) in response to AIH have been termed "long-term facilitation" or LTF, which is dependent on serotonin and requires protein synthesis (3). Although similar in some respects to the 5-HT and protein synthesisdependent process of synaptic LTF and behavioral sensitization observed in aplysia, ventilatory LTF has not been shown to involve learning in the classic sense. We observed, however, a progressive "inhibition" of arousal in response to AIH. Although a progressive blunting of the arousal response in response to AIH fulfills the behavioral definition of habituation, our experiments were not designed to test the hypothesis that these phenomena represented learning.
Alternatively, progressive blunting of arousal could be explained by hypoxia-induced biochemical processes with a relatively long time constant, resulting in arousal inhibition such that, with relatively long exposure to hypoxia and a relatively short recovery time, there is lingering inhibition between exposures, resulting in progressive cumulative inhibition. In this case, if the hypoxia period is shortened and the recovery period lengthened, the inhibition between hypoxia exposures might be attenuated, resulting in gradual recovery. It has been suggested that varying cycle durations of intermittent hypoxia may be variously interpreted as a continuous or intermittent event and may perturb certain components of the response, resulting in a poor adjustment to the intermittent stimulus (55) . For example, there is an increase in the activity of a number of inhibitory neuromodulators associated with hypoxia, including GABA, adenosine, and opiates. GABA concentrations depend on the ratio of glutamate to GABA and the activity of glutamic acid decarboxylase that converts glutamate to GABA, and the efficiency of GABA breakdown (26) . Konduri and Fewell (40) suggested that opioids might be involved in the blunting of arousal associated with exposure to AIH, but subsequent experiments in newborn lambs demonstrated that blockade of opioid receptors did not reverse the progressive blunting of arousal with repeated hypoxia exposure. Adenosine is a ubiquitous nucleoside that is released from cells into the extracellular space when oxygen needs no longer match oxygen supply (11) . Adenosine could directly inhibit excitatory neurons involved in arousal via A 1 receptors, or could indirectly inhibit these neurons by acting on excitatory adenosine A 2A receptors located on GABAergic neurons. Similar mechanisms may be responsible for the progressive decrease in HR with repeated hypoxia exposure that we observed in the youngest animals. We did not measure pH or calculate base excess in our animals, but other investigators have reported a progressive acidosis in piglets exposed to intermittent hypercapnic hypoxia with cycle times similar to our experiments (56) .
Behavioral identification of arousal and sleep states. We elected not to use classic EEG or electromyogram criteria to define arousal in our experiments. First, we wanted to be as noninvasive as possible, and second, our experience and those of others in other newborn species suggest that the behavioral characteristics of arousal, whether spontaneous or elicited, are very stereotypical and closely correlated with EEG and electromyogram changes (5) . Our laboratory has previously reported EEG, respiratory, HR, and behavioral changes of spontaneous arousals in newborn piglets (9, 17) . The behavioral changes in these animals are very stereotypical and closely resemble those in young rats. Moreover, using behavioral methodology, the length of the sleep bouts (spontaneous arousal latency) that we observed in the P5 and P25 animals is similar to those reported by Blumberg et al. (7) in P2 and P21 rats.
Implications for sudden death and the importance of the arousal habituation model. The results of these experiments suggest that repeated exposure to brief periods of hypoxia can blunt arousal to subsequent exposures to hypoxia. Meny et al. (45) described repeated apnea and bradycardia events in monitor recordings in infants who subsequently died. Our own review of the electronic cardiorespiratory recordings of infants who died while attached to their home monitors confirms that many of these infants had clusters of apnea and bradycardia, and presumed hypoxia, in the weeks and months preceding death (R. A. Darnall, unpublished results). We hypothesize that repeated episodes of hypoxia will increase the risk for not arousing in response to a subsequent hypoxia event. Our results also indicate that, if the hypoxia is corrected on arousal, progressive blunting of arousal can be avoided. In infants, this is usually accomplished by turning the head or otherwise moving out of a dangerous situation (54) . An arousal deficit has long been suggested as an hypothesis for the etiology of SIDS (24, 31, 34) . Moreover, abnormalities in serotonergic and other neurotransmitter binding in regions of the brain stem important for autonomic functions, including sleep and arousal, have recently been described in ϳ70% of SIDS infants who have been examined (38, 48) . Thus the combination of a brain stem abnormality and exposure to repeated episodes of hypoxia, resulting in blunting of arousal, may be particularly dangerous and significantly increase the probability of sudden death.
